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ABSRTACT
Based on the criteria for the solid state exchange reaction with p-GaN, we have

investigated the intermetallic compound NiIn as a possible ohmic contact.  The contacts were
fabricated by depositing NiIn on p-GaN films (p ~ 2 x 1017 cm-3) using RF sputtering from a
compound target.  The as-deposited, NiIn contacts were found to be rectifying and using I-V
characterization a Schottky barrier height of 0.82 eV was measured.  Rapid thermal annealing of
the contacts was shown to significantly decrease their resistance, with contacts annealed at 800
°C for 1 min yielding the lowest resistance. When annealed at 800 °C for 1 min NiIn contacts
exhibited a specific contact resistance of 8-9 x 10-3 Ω cm2, as measured by the circular
transmission line model.  To allow a more universal comparison the more traditional Ni/Au
contacts, processed under the same conditions, were used as a standard.  Their measured specific
contact resistance (ρc = 1.2 - 2.1 x 10-2 Ω cm2) was significantly higher than that of the NiIn
contacts.  Demonstrating that NiIn has promise as an ohmic contact to p-GaN and should be
studied in greater detail.

INTRODUCTION
It has long been realized that the III-V nitrides have tremendous potential for

optoelectronic devices operating in the blue and UV wavelengths as well as for use in high
power-high temperature semiconductor devices.  The III-V nitrides form a continuous alloy
system whose direct band gap ranges from 6.2 eV (AlN) to 3.4 eV (GaN) to 1.9 eV (InN) at
room temperature.1  This potentially allows the fabrication of high efficiency optical devices,
such as Light Emitting Diodes (LEDs), which can operate from orange to the UV region.  The
extension into the green and blue wavelengths completes the visible spectrum allowing
semiconductor technology to be used for applications such as large full color displays and traffic
lights.2,3

Early research into the nitrides outlined several problem areas, which hindered efforts to
produce devices based on III-V nitride technology.   Particularly the lack of p-GaN made the
fabrication of efficient optical devices based on p-n junctions impossible, though some LEDs
based on metal-insulator-semiconductors were fabricated.1,3  Only recently due to advances in p-
type doping has GaN started to realize its potential and there are now nitride based devices
available.  However, the metal contact to p-GaN is an important concern since high contact
resistance will substantially reduce the performance of GaN based devices.  In fact, the high
resistance of the metal/p-GaN contact is one of the most significant issues limiting laser diode
performance.

Most of the current work on finding low resistance metallizations to p-GaN has focused
on high work function elemental metals deposited in multilayer structures.4-11  This strategy is
based on the Schottky model, which predicts that higher work function metals will result in
lower Schottky barriers to p-type semiconductors.  The limited experimental evidence available
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on metal/p-GaN contacts suggests that the Schottky model is at least partially applicable.4  Of the
several contact schemes to p-GaN that have been studied Au/Ni contacts have received the most
attention.  Despite being used in devices, the Au/Ni contacts typically exhibit a specific contact
resistance (ρc) in the range of 10-3 and 10-2 Ω cm2 range7,8,12 and show poor thermal stability.13

However, it is known that the specific contact resistance of p-GaN depends on many factors such
as the quality of the bulk substrate and its surface preparation and processing conditions.
Accordingly, it is difficult to judge the absolute resistance values reported.

In an attempt to find new metallizations that can be used to form ohmic contacts to p-
GaN the solid-state exchange reaction was utilized.  This reaction has been shown to be a
systematic approach for tailoring metal/semiconductor contact properties.14-17  The complete
thermodynamic and kinetic model for the exchange mechanism has been comprehensively set
forth by Swenson et al.18  Based on the exchange mechanism criteria, the intermetallic compound
NiIn was selected as possible ohmic contact to p-GaN.

The thermodynamically stable phase of NiIn (50:50 at % ratio) has a CoSn (B35) crystal
structure, however, the metastable B2 phase often forms and is the structure of the NiIn films
used in this study.  This B2 phase is thermodynamically stable at high temperature in Ni-In
alloys that have 51 to 58 % In.19

EXPERIMENTAL PROCEDURE
  The GaN substrates used in this study are 1.2 µm thin films of single crystal GaN grown
by metalorganic vapor phase epitaxy (MOVPE) on sapphire (0001).  The GaN epilayer is Mg
doped and was annealed to activate the dopants.  A p-type carrier concentration of 2 x 1017 cm-3

with a mobility of 8 cm/V s was measured by Hall probe at room temperature.  Prior to
lithography, the substrates were ultrasonically degreased with Acetone and Methanol for 10 min
each.  These degreased substrates were then etched in HCl:H2O (1:2) for 4 min and then rinsed in
flowing H2O for 10 min.

Using standard photolithography techniques the substrates were patterned with a circular
transmission line model (TLM) pattern similar to the one detailed by Marlow.20  Schottky barrier
heights were measured by Current-Voltage (I-V) characteristics using the 140 µm diameter pad
as the diode and the large area metallization as the ohmic contact.  The specific contact
resistance (ρc) measurements were conducted at 5 volts using the circular TLM pattern which
consists of 7 different contact pads with gap spacing ranging from 4 to 25 µm.   Once patterned,
the substrates were then placed in a HCl:H2O (1:4) solution for 20 seconds, blown dry with
Nitrogen gas and immediately loaded into a vacuum chamber with the background pressure less
than 2 x 10-7 torr.

The NiIn (50:50 at % ratio) was deposited by sputtering from a compound target to a
nominal 80 nm thickness.  The annealed NiIn films were found by X-ray diffraction to be in the
metastable B2 crystal structure when deposited by RF sputtering under the conditions used.  As a
control standard, Ni/Au contacts were also fabricated.  These films were deposited by e-beam
evaporation, with Ni and Au film thickness of 20 and 100 nm, respectively.

After deposition, the photoresist was lifted off in an acetone bath leaving the patterned
metal on the wafers.  Following liftoff, the contacts were annealed in an AG Associated
MiniPulse rapid thermal annealing (RTA) system with flowing high purity Nitrogen gas.  The
electrical properties of the contacts were measured with a Keithley Model 236 electrometer
employed as a current source and voltage meter.
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ELECTRICAL RESULTS
As discussed in the introduction, the intermetallic compound NiIn has been selected for

study as an ohmic contact to p-GaN.  However, it is difficult to compare the specific contact
resistance for different metallizations reported by different researchers due to the wide variability
in p-GaN substrates because these substrate differences can play an important role in the
measured properties of the contacts.  Therefore, in order to allow a more universal comparison of
the NiIn metallization evaluated in this study we have used Ni/Au contacts as a standard.

All of the as-deposited contacts exhibited highly rectifying behavior; and it was decided
that the Schottky barrier height is a more appropriate measure of these contacts’ electrical
behavior than the ρc at a given voltage.  By evaluating the I-V behavior at small voltages the
Schottky barrier and ideality factor can be determined by fitting the data to the following
equation:

where A* is the Richardson constant, S is the diode area, T is the temperature, q is the electron
charge, φb is the Schottky barrier height, k is the Boltzman constant, V is the applied voltage and
n is the ideality factor.21  Schottky barrier heights determined for the contacts in the as-deposited
state are listed in Table 1.  To the best of our knowledge, a value for NiIn on p-GaN has not been
previously reported.  However, the 0.77 eV value of the Schottky barrier height of Ni/p-GaN
determined in this study is significantly higher than the 0.5 eV value reported by Mori, et al.4

While the reason for such a discrepancy is not known, Ishikawa, et al22 reported about the
difficulty in measuring the barrier height of metals on p-GaN.   Additionally the ideality factors
for all of the contacts measured were significantly greater than 1; showing that the carrier
transport mechanism is not entirely due to thermionic emission and suggesting that the interface
is not uniform.23  For the Schottky barrier measurement an ohmic contact is required in addition
to the Schottky diode.  In this study, the ohmic contact was approximated using a large area
contact of the same metallization and while this contact is many times larger than the diode, it is
not a true ohmic contact.  Given the difficulties of measuring the barrier height of metals on p-
GaN and the large ideality factors, the absolute value of barrier heights reported in this study
should be interpreted accordingly.

Table 1.  Ideality factors and Schottky barrier height for as-deposited contacts
Metallization Ideality Factor (n) Schottky Barrier Height

NiIn 1.22 0.82 eV
Ni/Au 1.16 0.77 eV

With increased annealing temperature the resistance of the NiIn/p-GaN contacts
decreased.  The lowest contact resistance occurs after annealing at 800 °C for 1 min, contacts
subjected to a higher annealing temperature, 850 °C for 1 min or increased annealing time, 800
°C for 5 min showed a higher resistance than the samples annealed at 800 °C for 1 min.  Table 2
gives the specific contact resistance on NiIn/p-GaN contacts at three different annealing
conditions.  One possibility for the increased resistances at more severe annealing conditions is
oxidation of the NiIn layer.  Scanning Auger Microscopy showed that significant oxidation
occurred from the surface into over half of the NiIn film for contacts annealed at 800 °C for 1
min.  It is possible that once a significant level of oxidation is reached at the
metal/semiconductor interface the contact resistance will increase.

)1(* /)/(2 −= − nkTqVkTq eeSTAI bφ (1)
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Table 2. Specific Contact Resistance for NiIn contacts
Annealing Conditions  Specific Contact Resistance

750 °C for 1 min 6.2 x 10-2 Ω cm2 
800 °C for 1 min 9.5 x 10-3 Ω cm2 
800 °C for 5 min 7.4 x 10-2 Ω cm2 

Due to the wide variability in p-GaN films and the direct role the films have in the
measured specific contact resistance we have used Ni/Au contacts to p-GaN as a standard.  Table
3 shows a comparison of NiIn contacts annealed at 800 °C for 1 min to Ni/Au annealed at 750 °C
for 1 min.  These contacts were subject to the same processing conditions and the annealing
conditions used represent the optimum conditions found in this study for the two different
metallizations. For both p-GaN substrates used, the NiIn contacts had a lower measured specific
contact resistance than the Ni/Au contacts.  Figures 1(a) and 1(b) show the I-V behavior of the
annealed NiIn and Ni/Au contacts, respectively.  These curves were measured on back-to-back
140 µm in diameter contacts. Figures 1(a) and 1(b) clearly show that these contacts do not
exhibit true ohmic behavior.

Table 3.  A comparison of specific contact resistance NiIn Vs. Ni/Au
Substrate NiIn (800 °C for 1 min) Ni/Au (750 °C for 1 min)

1 8.0 x 10-3 Ω cm2 1.2 x 10-2 Ω cm2 
2 9.5 x 10-3 Ω cm2 2.1 x 10-2 Ω cm2 

These electrical results show that NiIn has potential as an ohmic contact to p-GaN.
However to understand the NiIn/p-GaN contacts, particularly its large resistance change upon
annealing, will require careful interfacial characterization.  At this time it is not clear what
mechanism is responsible for the change in contact resistance due to annealing and the role
oxidation may play in the measured resistance is equally unknown.  It is this type of information,
which is required not only to increase our understanding but also aid in the optimization of the
NiIn contacts.

Figure 1(a) I-V behavior of NiIn/p-GaN
contacts annealed at 800 °C for 1 min.

Figure 1(b) I-V behavior of NiIn/p-GaN
contacts annealed at 750 °C for 1 min.
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CONCLUSIONS
The intermetallic compound NiIn (50:50 at % ratio) was selected based on the criteria for

the exchange mechanism as possible ohmic contacts to p-GaN.  Contacts were fabricated on p-
GaN films using RF sputtering from a compound target.  In the as-deposited state these contacts
were found to be rectifying and using I-V characterization a Schottky barrier height 0.82 eV was
determined for the contact.  Rapid thermal annealing of the NiIn contacts was shown to decrease
their resistance with increasing annealing temperature.  Contacts annealed at 800 °C for 1 min
had the lowest resistance of the annealing conditions examined in this study.  At this annealing
condition the specific contact resistance of the NiIn contacts was measured to be 8 - 9 x 10-3

Ω cm2 using the circular TLM method.  Annealing at higher temperatures or longer times
resulted in an increase in specific contact resistance.  It is speculated based upon Auger depth
profiling that oxidation maybe responsible for this resistance increase at annealing conditions
more severe than 800 °C for 1 min.  The measured electrical properties of NiIn are promising
since the specific contact resistance of NiIn is lower than the more traditionally used Ni/Au
contact (ρc = 1.2 - 2.1 x 10-2 Ω cm2) processed under the same conditions.
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